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ABSTRACT
Pulsars are highly magnetized rotating neutron stars with a very stable rotation speed. Irrespective of
their stable rotation rate, many pulsars have been observed with the sudden jump in the rotation rate,
which is known as pulsar glitch. The glitch phenomena are considered to be an exhibit of superfluidity
of neutron matter inside the neutron star’s crustal region. The magnitude of such rapid change in
rotation rate relative to their stable rotation frequency can quantify the ratio of the moment of inertia
of the crustal region to the total moment of inertia of the star also called as the fractional moment of
inertia (FMI). In this paper, we have calculated FMI for different masses of the star using six different
representative unified equations of state constructed under relativistic mean field framework. We have
performed an event-wise comparison of FMI obtained from data with that of theoretically calculated
values with and without considering the entrainment effect. It is found that larger glitches can not be
explained by crustal FMI alone, even without the entrainment.
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1. INTRODUCTION
Pulsars are rotating magnetized neutron stars with
magnetic field strength of about 1012 G. Most pulsars
have very stable rotational periods ranging from mil-
liseconds to a few seconds owing to their compact size
and large mass. However, some pulsars do show rota-
tional irregularities, such as sudden jumps in the spin
frequencies, known as pulsar glitches (Radhakrishnan &
Manchester 1969). In the last five decades, 529 glitches
have been reported in radio pulsars (Lyne 1992; She-
mar & Lyne 1996; Lyne 1996; Lyne et al. 2000; Wang
et al. 2000; Krawczyk et al. 2003; Espinoza et al. 2011;
Yu et al. 2013; Fuentes et al. 2017). The reported frac-
tional spin-up during a glitch1 range from 10−9 to 33 ×
10−6 (Manchester & Hobbs 2011). Pulsars, such as PSR
B0833−45, B1046−58, B1338−62 and B1737−30, show
glitches with fractional spin-up varying over three orders
of magnitude. The glitch events can also be followed by
exponential recoveries of rotation rate (Yu et al. 2013).
1 The fractional spin-up is defined as the ratio of increase in
rotation rate δν to rotation rate ν at the time of glitch.
It is believed that the interior superfluid is responsi-
ble for glitches, where the excess angular momentum
of pinned component of superfluid is transferred to the
crust at a critical lag between the differential rotation
of neutron star’s superfluid and non-superfluid compo-
nent (Alpar et al. 1985, 1984). Observations of pulsar
glitches and their recoveries provide important probe of
the composition and structure of neutron stars (Haskell
& Melatos 2015) in terms of the depth from the sur-
face of the star, where glitches originate. Glitches can
also help in understanding how the superfluid compo-
nent of the star is coupled with the observable crust of
the star and whether the core of the star participates
in the glitch phenomena. We aim to investigate this by
comparing theoretical calculations with reported glitch
measurements in this work.
One way to achieve this goal is to place constraints on
moment of inertia (MoI) of different parts of the neu-
tron star (NS) participating in the glitch phenomena.
There exist distinct density regions inside the star, de-
fined by the local density, which changes from ∼ 104 g
cm−3 to ∼ 1014 g cm−3 from the surface of NS to its
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center. The outer most layer (outer-crust) consists of
fully ionized nuclei arranged in BCC lattice structure
embedded in degenerate electron gas. With increas-
ing density nuclei become more and more neutron-rich
(Baym et al. 1971a; Ru¨ster et al. 2006; Nandi & Bandy-
opadhyay 2011). At the density ∼ 1011 g cm−3, the
neutron drip point is reached and the inner crust be-
gins. The inner crust is composed of neutron-rich nuclei
arranged in a lattice and immersed in a free electron
gas as well as a gas of dripped neutrons (Baym et al.
1971b; Negele & Vautherin 1973; Haensel 2001; Nandi
et al. 2011), which are expected to be superfluid (Baldo
et al. 2005; Sedrakian & Clark 2006; Chamel & Haensel
2008). Beyond the inner crust, the core of the star may
consist of superfluid neutrons, superconducting protons
and other exotic matter (Ginzburg & Kirzhnits 1964;
Baldo et al. 2005; Sauls 1989; Sedrakian & Clark 2006;
Page & Reddy 2006; Chamel & Haensel 2008).
Theoretically, MoI of the crust and core components
can be estimated by solving the structure equations with
a given Equation of State (EoS). In the study of pulsar
glitches, mostly non-relativistic EoSs are used (Ander-
sson et al. 2012; Chamel 2013; Ho et al. 2015; Delsate
et al. 2016; Li et al. 2016; Pizzochero et al. 2017). On
the other hand, EoSs obtained from relativistic mean
field (RMF) model that gives a causal description at
all densities of NS have been widely used in the liter-
ature to study various properties of nuclear matter as
well as NS (Glendenning 2000; Dutra et al. 2014; Oertel
et al. 2017). Only Piekarewicz et al. (2014), employed
RMF EoSs for the NS core to study the glitch phenom-
ena. However, for the inner crust they used a polytropic
EoS that interpolates between the neutron-drip density
and the crust-core transition density. Since the inner
crust contributes more than 99% to the crustal MoI, it
is important to have a realistic EoS for the inner crust.
In the literature, the inner crust and the core are of-
ten treated separately and the corresponding EoSs are
matched “by hand” at the crust-core boundary which
is also chosen arbitrarily (Glendenning 2000; Read et
al. 2009; Fattoyev et al. 2018). The precision in this
matching processes can lead to significant differences in
the estimation of MoI of different components (Fortin
et al. 2016). Therefore, it is necessary to use an unified
EoS where EoSs of both the inner crust and the core are
calculated from same microscopic theory and as a con-
sequence, the crust-core boundary is automatically de-
termined. In this article, we calculate MoI using unified
EoSs derived from different variation of RMF model.
Pinned neutron superfluid provides an angular mo-
mentum reservoir as its rotation rate is determined by
the areal vortex density, which is constant as long as it is
pinned to the crust. At the same time, the crust contin-
uously slows down due to loss of its angular momentum
in particle wind and electromagnetic radiation. At a
critical lag in this differentially rotating two-component
system, superfluid vortices get unpinned dumping large
amount of angular momentum to the crust, which is
seen as a spin up in the crustal rotation rate, usually
inferred by timing the radio pulse (Alpar et al. 1985,
1984). This implies that the fractional spin-up provides
a probe of the extent of angular momentum transfer and
hence MoI of the crustal pinned superfluid. The ratio
of the MoI of crustal pinned superfluid to that of the
rest of the star, referred to as fractional moment of in-
ertia (FMI), can be related to the observed fractional
spin-up, allowing a comparison of theoretical estimates
with those from observations (Link et al. 1992, 1999;
Eya et al. 2017). In this context, it is common prac-
tice in the literature (Link et al. 1999; Andersson et al.
2012; Chamel 2013; Ho et al. 2015; Eya et al. 2017) to
define a quantity called activity parameter, which is es-
sentially the average of all glitches observed in a time
window for a given pulsar. This parameter is then used
to estimate the FMI for different pulsars. However, as
we are interested in investigating how far the FMI of
the crust could explain the observed glitches, it seems
more appropriate to use individual glitches instead of
the average. Based on calculation of FMI in eight indi-
vidual Vela pulsar glitches(Alpar et al. 1993), Datta &
Alpar (1993) ruled out one out of 19 EoS for this pul-
sar. With a better constraint on the maximum mass
of NS for different EoS and much larger glitch database
25 years later, this question is worthwhile a detailed re-
examination. Therefore, in this article, we consider sep-
arately each individual glitch cataloged so far (Espinoza
et al. 2011) to estimate the FMI.
In this paper, we apply a unified treatment of Equa-
tion of State (EoS), obtained in a variety of RMF mod-
els, to estimate the fraction of stellar moment of inertia
of the crust and compare it to that inferred from re-
ported observations of pulsar glitches. In Section 2, the
construction of the EoS is described followed by esti-
mates of relevant MoI using the structure equations in
Section 3. We connect these estimates to observables
in Section 4 and present our results in Section 5. Dis-
cussion of these results and conclusions is presented in
Section 6.
2. EQUATION OF STATE
It has been shown (Fortin et al. 2016) that for an un-
ambiguous calculation of NS properties (especially ra-
dius and crust thickness) one needs to employ a uni-
fied EoS, i.e., the EoS of crust and core should be ob-
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tained within the same many-body theory. As the phe-
nomena of glitch are supposed to be very sensitive to
the thickness of the crust, we employ only unified EoSs
here. We construct the EoSs of the inner crust and
core adopting the RMF approach, where the interac-
tion between nucleons is described by the exchange of
σ, ω and ρ mesons. For our study, we choose EoSs
that represent different variation of the RMF model and
also used widely in the literature (Dutra et al. 2014).
In particular, we use parameter sets: NL3 (Lalazissis
et al. 1997) and GM1 (Glendenning 2000) that include
non-linear self-interaction of σ-mesons, TM1 (Sughara
& Toki 1994) that has self-interacting terms for both σ
and ω mesons, NL3ωρ (Horowitz & Piekarewicz 2001),
which contains self-interaction of σ mesons and coupling
between ω and ρ mesons, and DDME2 (Lalazissis et al.
2005) and BHBΛφ (Banik et al. 2014), where coupling
parameters are considered to be density dependent. The
EoSs of the inner crust along with the crust-core transi-
tion density for all parameter sets excluding BHBΛφ are
taken from Grill et al. (2014), whereas the EoSs of core
that contains neutrons, protons, electrons and muons
are generated by the standard procedure (Glendenning
2000; Dutra et al. 2014). As EoSs of both the crust
and the core are described by the same parameter set,
they can be joined smoothly at the crust-core bound-
ary without any jump in pressure and density. For the
EoS of outer crust, we choose DH EoS (Haensel et al.
2007). The choice of outer crust does not have any sig-
nificant impact on the observables as the most part of it
is determined from the experimentally measured nuclear
masses. The unified BHBΛφ EoS is obtained following
Banik et al. (2014). Apart from nucleons and leptons,
the core EoS of BHBΛφ also includes Λ-hyperons, which
interact among themselves via the exchange of φmesons.
All six EoSs used here give maximum NS masses (Mmax)
more than 2M and are therefore compatible with the
constraint of Mmax = 2.01± 0.04M obtained from ob-
servation (Antoniadis et al. 2013). We use these EoSs
to estimate the MoI relevant for the present work.
3. STRUCTURE
The equilibrium structure of a spherically symmet-
ric, non-rotating NS is calculated from the solutions
of Tolman-Oppenheimer-Volkoff (TOV) equations given
by,
dP (r)
dr
= − [ε(r) + P (r)]
[
M(r) + 4pir3P (r)
]
r [r − 2M(r)] (1)
dν(r)
dr
= − 1
ε(r) + P (r)
dP (r)
dr
(2)
dM(r)
dr
= 4pir2ε(r). (3)
Here, ε(r), P (r), M(r) and ν(r) represent the radial
profile for energy density, pressure, enclosed mass and
the metric potential respectively. Complimented with
an EoS, the structure Equations (1, 2, 3) are solved nu-
merically to generate the profiles for pressure, energy
density, enclosed mass etc. and also the total mass and
radius of the star for a given value of central energy
density.
Assuming the star is rotating uniformly and the angu-
lar velocity (Ω ) is sufficiently slow (Ω2R3 << M) com-
pared to its Kepler limit, the MoI of a star can be calcu-
lated in the slow-rotation approximation using Hartle’s
prescription (Hartle & Thorne 1968). The metric of a
slowly, uniformly rotating star can be expressed at the
first order of spin frequency Ω as,
ds2 = −e2ν(r)dt2 + e2λ(r)dr2 − 2ω(r)r2sin2θdφdt (4)
+r2dθ2 + r2sin2θdφ2,
where, ω is the frame-dragging frequency, which satisfies
the following differential equation:
d
dr
(
r4j(r)
dω¯(r)
dr
)
+ 4r3
dj(r)
dr
ω¯(r) = 0, (5)
where ω¯(r) = Ω− ω(r) and j(r) is defined as
j(r) = e−(ν(r)+λ(r)) = e−ν(r)
√
1− 2GM(r)/r, (6)
for r ≤ R.
Now, we can compute the MoI of the star solving
Equation (5) augmented with the TOV equations as:
Itotal =
8pi
3
∫ R
0
drr4
(ε(r) + P (r))√
1− 2GM(r)/r
ω¯(r)
Ω
e−ν(r). (7)
To calculate the FMI which is responsible for a glitch,
we also calculate the crustal contribution to the MoI
separately by performing the integration in Equation (7)
from the crust-core transition radius to the surface of the
star:
Icrust =
8pi
3
∫ R
Rc
drr4
(ε(r) + P (r))√
1− 2GM(r)/r
ω¯(r)
Ω
e−ν(r) (8)
where Rc denotes the crust-core boundary. Note that
Icrust consists of both the non-superfluid and the pinned
superfluid component of the MoI of crust. Thus, Icrust
cannot be directly related to FMI using the measure-
ments of observed fractional spin-up during a glitch. We
provide a prescription for comparing this theoretical es-
timate with observations in the next section.
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4. INTERPRETING THE DATA
The pulsed emission in radio waveband is a direct
measure of rotation of the crust of the pulsar, which
can be very precisely modeled using the pulsar timing
technique. In pulsar timing, predictions of pulse times-
of-arrival (TOAs) from a rotational model of the star
are compared with the observed TOAs. The difference
between the observed and predicted TOAs are called
timing residuals, which are minimized in a least-square
sense to improve the parameters of the rotational model,
thus precisely estimating the time evolution of the rota-
tion of the pulsar. The pre and post glitch models shows
a sudden jump in the rotation period ν. The fractional
change in ν is therefore available from observations.
If we assume that the spin-up is due to the transfer
of angular momentum from a superfluid, which is not
co-rotating with the crust, then the fractional MoI of
this superfluid to the MoI of the rest of the star for each
glitch is given by (Eya et al. 2017)
Icrsf
Irest
= − 1
ν˙c
∆νi
ti
(9)
where Icrsf , Irest, ∆νi, ν˙c and ti are the MoI of
the pinned crustal superfluid (not co-rotating with the
crust), the MoI of the rest of the star (assumed co-
rotating with the crust), the spin-up at the ith glitch,
the mean rotational spin-down rate and the time elapsed
before the ith glitch since the preceding glitch, respec-
tively.
The above equation can be simplified as
Icrsf
Irest
= 2τc
(
∆ν
ν
)
i
1
ti
(10)
where τc (= −ν/2ν˙c) is the characteristic age of the
pulsar. Since ti is the time preceding the last glitch, one
cannot calculate the Icrsf/Irest for the first glitch. We
want to connect this Icrsf/Irest with Icrust/Itotal. Assum-
ing no contribution in the angular momentum transfer
from the core superfluid we have,
Icrust
Itotal
=
Icrsf + Icrnsf
Icrsf + Irest
Icrust
Itotal
>
1
1 + Irest/Icrsf
where, Icrnsf is the non-superfluid (and hence co-rotating
with the crust) component of crustal MoI. Now, since
Irest >> Icrsf , we have Icrust/Itotal > Icrsf/Irest and we
can write using Eq. (10):
Icrust
Itotal
> 2τc
1
ti
(
∆ν
ν
)
i
, (11)
This connects our theoretical estimate of FMI with that
inferred from observations and this equation has been
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Figure 1. The mass radius diagram for NL3 (sky blue),
NL3ωρ (red), TM1 (green), GM1 (orange), DDME2 (dark
blue) and BHBΛφ (grey) EoS. The blue dotted line repre-
sents the mass constrain of 2.01 ± 0.04 M from observation
(Antoniadis et al. 2013).
used in the next section to produce the histograms esti-
mating the Icrust/Itotal.
When the entrainment coupling between the neutron
superfluid and the crustal non-superfluid component is
taken into consideration, we get (Andersson et al. 2012)
Icrust
Itotal
> 2τc
< m∗n >
mn
1
ti
(
∆ν
ν
)
i
, (12)
where
<m∗n>
mn
is the ratio of average effective mass of
neutrons in the inner crust and of bare neutron mass and
has value in the range 4.3− 5.1 due to the entrainment
effect (Chamel 2012; Andersson et al. 2012; Delsate et
al. 2016).
5. RESULTS
We have used six different unified equations of state
NL3, NL3ωρ, GM1, TM1, DDME2 and BHBΛφ as de-
scribed in Section 2. The mass radius sequences of these
six EoSs are shown in Figure 1. All these EoSs satisfy
the present observational constraint on the neutron star
maximum mass (2.01± 0.04) M (Antoniadis et al.
2013). It is to be noted that color code to represent var-
ious EoSs in Figure 1 has been uniformly applied in all
the diagrams throughout the paper.
We have calculated the fraction of MoI of the crust to
the total MoI as a function of mass of the stars in percent
for each of the six EoSs using Equations (7) and (8) and
the results are shown as percentage in the left panel
of Figure 2. The distance of the crust-core boundary
from the center of the star (Rc) as well as the radius
of the star for each EoS are obtained from the solution
of TOV equation. Hence, one can readily calculate the
crust thickness as ∆R = R − Rc. The right panel of
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Figure 2. (Left) The fraction of MoI of the crust as compared to the total MoI (expressed in percentage) for six different EoSs
as a function of stellar mass. (Right) The crust thickness in kilometers as a function of stellar mass.
Figure 2 shows the crust thickness as a function of the
stellar mass. It can be clearly seen that the thickness of
the crust can be very large ∼ (1.4−1.8) km for a lighter
star of mass ∼ 1M whereas, for massive stars of mass
∼ 2 M it can be as small as ∼ 0.5 km. Observing
the Figure 2, it is very much evident that the relation
of the crust thickness and its FMI with the stellar mass
go hand in hand. Instead of unified EoS if a polytropic
EoS is used for the inner crust as done by Piekarewicz et
al. (2014), we find that depending on the choice of the
polytropic index the value of FMI gets overestimated by
0 − 8% for a 1.4M NS for NL3ωρ EoS and the error
is more for low mass stars. Similar results are expected
for other EoSs as well.
The values of FMI estimated from all the observed
glitches cataloged so far (Espinoza et al. 2011) are shown
in Figure 3, where the distribution of log10(
Icrust
Itotal
), es-
timated using eq. (11) for all observed glitches, are
plotted for different assumed masses of the NS (1.0, 1.2,
1.4, 1.6, 1.8 and 2.0 M respectively). The error bars
given on each bins are Poissonian error bars. The verti-
cal lines are constraints from our theoretical calculations
of log10(
Icrust
Itotal
) for six EoSs considered in this work. We
note that the observed Icrust/Itotal always overestimates
the superfluid reservoir as it assumes the crust is made
entirely of pinned superfluid. Hence, the actual contri-
bution from the superfluid in the crust towards glitch
is smaller than the estimated Icrust/Itotal. In all the
cases, the NL3ωρ model can explain a larger FMI as
it has the largest crust (Fig. 2) . It is evident that
there is a significant fraction of the glitch events, which
cannot be explained solely by the crustal superfluidity.
The number of such events (out of 335 glitches), which
cannot be explained by the crustal superfluidity alone
for all six EoSs and six different assumed NS masses are
tabulated in Table 1. The estimate of log10(
Icrust
Itotal
) con-
sidering entrainment are also plotted in the same figure.
As expected, the fraction of glitches, which cannot be
explained entirely by the crustal superfluidity alone is
larger in presence of entrainment.
From the Table 1, we can clearly conclude that at
least 1 to 20 % glitch events without entrainment require
the angular momentum reservoir of pinned superfluid
located outside the crust, even in the limiting case of
the crust entirely made up of pinned superfluid. When
the entrainment is taken into account the percentage
changes to 4 % to 36 % .Therefore, we must consider
the possibility of the contribution of the core in these
glitch events.
6. CONCLUSIONS AND DISCUSSIONS
In this work, a unified treatment of EoS, using a rela-
tivistic mean field approach, has been carried out to es-
timate the fraction of MoI of the crust compared to the
total NS MoI. We have used individual glitches instead
of the average of glitches defined via activity parameter,
in our estimation of FMI. We compared the theoreti-
cal estimates with those obtained from observations and
conclude that about a few percentage of glitches can-
not be explained by angular momentum transfer from
the pinned superfluid in the crust alone, even without
the entrainment effect. The fraction of such glitches
range from 1 to 20 % for different EoSs and assumed
NS masses.
In this context, it is important to note that the re-
cent binary neutron star merger event GW170817 has
provided unique insights on the global properties of iso-
lated neutron stars (Abbott et al. 2017). Several au-
thors have shown that GW170817 sets an upper limit
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Figure 3. Figure shows the distribution of Icrust/Itotal. The vertical lines in each plot correspond to the fractional moment of
inertia for six different equations of states. The plots from top left to bottom right correspond to mass of 1, 1.2, 1.4, 1.6, 1.8 and
2.0 M respectively. The distribution plotted with yellow line corresponds to the distribution without entrainment, whereas
the distribution plotted with blue dotted line has been constructed taking entrainment value
<m∗n>
mn
= 4.35 into account. Both
distribution are obtained from 335 glitches.
* 1.0 M 1.2 M 1.4 M 1.6 M 1.8 M 2.0 M
NL3 4(16) 5(22) 8(31) 8(39) 11(71) 13(60)
NL3ωρ 4(12) 5(17) 5(25) 8(31) 8(37) 11(47)
DDME2 5(17) 7(28) 8(34) 10(43) 13(56) 16(66)
TM1 4(16) 5(23) 8(32) 10(43) 13(56) 18(70)
GM1 5(25) 8(33) 10(43) 13(56) 17(68) 28(80)
BHBΛφ 14(61) 21(71) 31(81) 37(94) 53(106) 68(121)
Table 1. Table shows the number of glitch events that cannot be explained from crustal superfluid alone. The quantities in
parenthesis shows glitch event when entrainment (<m∗>
m
= 4.35) is taken into account for six different assumed NS masses
(columns) and six different EoSs (rows).
of ∼ 2.1− 2.2M on the maximum mass of a NS (Mar-
galit & Metzger 2017; Shibata et al. 2017; Rezzolla et al.
2018; Ruiz et al. 2018). The radius of a 1.4M star has
also been constrained to . 13.5 km (Most et al. 2018;
Abbott et al. 2018; Nandi & Char 2018). In this paper,
we have used both stiff EoS (NL3) and moderately soft
EoS (BHBΛφ) for representative purpose. It is evident
from Figs 1 and 2 that stiffer EoS, like NL3, usually
leads to a larger radius. This makes the crustal thick-
ness as well as the Icrust/Itotal larger than that of a mod-
erately softer EoS. While a majority of glitches can be
explained by transfer of angular momentum from crustal
superfluid for such stiffer EoS, some glitches still remain
unexplained. On the other hand, a larger number of
glitches are inconsistent with the transfer of angular mo-
mentum solely from crustal superfluid for a moderately
softer EoS, such as BHBΛφ, which predict a maximum
mass and radius consistent with the upper limit from
GW170817 unlike stiffer EoS (Bhat & Bandyopadhyay
2018). Therefore, the conclusion that only crustal con-
tribution to the angular momentum transfer can not ac-
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count for all the glitches becomes stronger if the con-
straints from GW170817 are taken into account.
The number of unexplained glitches is even larger if
entrainment effect is taken into consideration, as ex-
pected. It is worth mentioning here that a recent study
(Watanabe & Pethick 2017) showed that the effect of
entrainment is not that significant, as estimated earlier
(Chamel 2012). Thus, our calculations suggests that the
superfluid in the core is also likely to participate at least
in the larger glitches. The rotation of crustal superfluid
is believed to be constrained due to pinning of vortex to
the nuclei in the crustal lattice, thus conserving the areal
density of vortices (Sauls 1989). In order for the super-
fluid in other parts of the star, particularly the core, to
participate in a glitch, similar constraint is required on
this fraction of superfluid, which was generally believed
to co-rotate with the crust and slows down in synchro-
nism by expelling vortices. Our analysis also confirms
the presence of extra angular momentum reservoir along
with the NS crust.
For a glitch to happen in the star, it is essential to
pin superfluid vortices to some structures, which can
co-rotate with the stellar crusts. One such possibility
is presence of mixed state at certain depth of the stel-
lar core. The region is marked by presence of confined
(hadronic) and de-confined (quark) matter co-existing
in equilibrium. The energetics of such region forces the
non-dominating component to form crystal structures of
various shapes evolving with the density. They could be
a potential zone of extra angular momentum reservoir
(Glendenning 2000). Similar kind of crystalline struc-
ture can also form due to a mixed phase of kaon conden-
sates inside nuclear matter as a first order phase transi-
tion (Glendenning & Schaffner-Bielich 1999). The other
possible way of pinning could be between Abrikosov
fluxiods along the magnetic moment due to presence
of paired proton superconductor (Sauls 1989; Ho et al.
2017) at the core of the NS with Onsagar-Feynman vor-
tices along the rotation axis (Bhattacharya & Srinivasan
1995). This novel mechanism of inter-pinning between
fluxiods and vortices were used in literature to expel
the magnetic fluxoids from core to the crust of star via
the spinning down of the NS. But this mechanism may
not probably help in building up of angular momentum,
which can be expelled at once to produce a sudden jump
in angular velocity as observed in glitches.
Recently, Gu¨gercinog˘lu & Alpar (2014) have suggested
pinning of superfluid in outer core by a toroidal field
similar to pinning of crustal superfluid with a FMI of
superfluid associated with this toroidal magnetic field
(Itor/Itotal) of the order of 0.3−1.2 × 10−2(Gu¨gercinog˘lu
2017). This presents an attractive alternative for contri-
bution from superfluid in outer core mediated by mag-
netic field as a source of extra MoI reservoir for glitches
not explained by crustal superfluid. Large glitches in
PSR B2334+61 and J1718-3718 could be explained by
this mechanism (Gu¨gercinog˘lu & Alpar 2016). It may
be noted that a small fraction of core MoI is needed
to explain larger FMIs in our sample as expected, con-
sidering the fraction of core superfluid associated with
this toroidal magnetic field to be much smaller than to-
tal MoI of core. Thus, this mechanism can potentially
explain the glitches in our study, where the crustal su-
perfluid is not enough.
Interestingly, in pulsars, such as PSR B0833−45,
B1046−58, B1338−62 and B1737−30, we see both small
and large glitches. The glitch size varies by a factor
of 258, 160, 236 and 3811 in these pulsars respectively.
Our calculations suggest that in all these pulsars atleast
one glitch event cannot be explained by BHBΛφ EoS,
whereas other EoSs used can explain the glitches from
the crustal angular momentum reservoir except for PSR
B1046−58. In case of PSR B1046−58 the glitch which
had Icrust/Itotal = 33%, cannot be explained by any
of the EoSs used taking even 1.0M as the fiducial
mass of the NS. Thus, we conclude at least some of
the glitches require a participation of core, whereas the
smaller glitches can be caused by the crust alone. This
also may provide a probe for the strength of a coupling
agent and the angular momentum transfer mechanism
from core to the crust of the star. Future theoretical cal-
culations to probe this aspect are motivated from this
work .
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